Abstract. The light elements up to 7 Li were produced by the Standard Big Bang nucleosynthesis (SBBN) in the early universe assuming standard conditions. All observed primordial abundances of these light elements match very well the predicted ones by this SBBN except for 7 Li which seems to be overproduced. It is rather challenging to resolve this discrepancy owing to the diverse possibilities affecting the abundance of lithium. In the present work we focus on non-standard possible solutions such as variation of chemical potential and the neutrino temperatures. In addition, the effect of dark matter is also analysed. We find that including these non-standard assumptions helps to reduce the abundance of lithium as predicted by SBBN. We suggest that this could be a possible step toward resolving the lithium problem.
Introduction
The lithium problem is difficult to resolve. The reason is that not only the nuclear physics involved in its production should be considered, but also astrophysical and non-standard cosmological aspects. The main concern of this work is to investigate the role of neutrinos and dark matter on the production of light elements during Big Bang Nucleosynthesis (BBN) especially lithium. It is emphasized that these non-standard scenarios require observational constraints on light elements and updated parameters from the analysis of the Cosmic Microwave Background (CMB) in particular the baryon-to -photon ration η and the relativistic degrees of freedom N ef f . This paper is outlined as follows: In section 2, an overview of the lithium problem is presented. In section 3, we discuss the limits on N ef f from cosmology and astrophysics, this will be an important parameter in constraining a non-standard scenario. In sections 4 and 5 we investigate whether neutrinos and axions are possible candidates for dark matter. Section 6 will deal with a model of varying neutrino temperatures as treated in more detail in [15] . Since this model alone does not help to reduce the lithium abundance, we extend this calculation by including neutrino chemical potentials. This is presented in section 7. The results lead to a decrease of lithium at the expenses of large N ef f which is not supported by recent CMB observations. Therefore, in section 8, by including the effect of photon cooling with axion dark matter, we can achieve a reduction of lithium with N ef f compatible with recent CMB observations but still higher than that inferred from Planck analysis [29] . To satisfy the requirements on N ef f as predicted by Planck, we have treated the effect of a dark fluid [6] along with non-standard neutrino properties. Concluding remarks are given in section 10.
The Lithium Problem
The observed light-element abundances are in agreement with those predicted by the SBBN except for 7 Li as indicated by its observed abundance in metal-poor halo stars. In addition, the extension of observations to very low metallicity below [F e/H] = −3 are inconsistent with the expected "Spite Plateau" [31] requiring a constant abundance of lithium as metallicity decreases. Up to now, resolving this problem has not been achieved on purely astrophysical and nuclear physics grounds. Therefore, it is worth focusing on non-standard scenarios including non-standard neutrino properties along with dark matter effects. The goal of these non-standard scenarios is to decrease the abundance of lithium below that predicted by SBBN while taking into account the observational constraint on other light elements. These conservative constraints are adopted from many observations as follows [7, 10, 13, 29] :
The limit on lithium as above is considered to present the primordial lithium abundance so that achieving this limit by non-standard treatment is considered to be sufficient to match the observations. Any remaining difference can be explained by stellar processing.
Neutrinos and the effective degrees of freedom
One possible extension of the SBBN is to allow the number of neutrinos to be different from three. However, the effective number of relativistic species N ef f is not allowed to vary freely due to its effect on both the CMB and SBBN predictions. The combination of sevenyear WMAP data with Baryon Acoustic Oscillations in the distribution of galaxies and the Hubble parameter H 0 leads to N ef f = 4.43
+0.86
−0.88 [19] . However, the nine-year WMAP put a more stringent limit on the effective number of relativistic species to be N ef f = 3.84 ± 0.40. A stronger limit is given by Planck collaboration [29] such as N ef f = 3.15 ± 0.23. While limits on N ef f from SBBN were intensively investigated [14, 32] , limits from astrophysics and cosmology are also important. We mention here the limit given by [20] where constraints on the number of effective relativistic degrees of freedom are deduced form the CMB lensing, baryon acoustic oscillations, and galaxy clustering data to be N ef f < 3.8. Limits on N ef f are still a matter of debate and we still need more accurate determination of N ef f . So based on the ranges above, in what follows we will adopt 2 < N ef f < 5 as reasonable limits when considering non-standard scenarios.
Are Neutrinos candidate of dark matter
While we know several aspects of dark matter such as energy density and distribution, we don't have much information about its identity and production mechanism. Since baryons are not contributing to dark matter, one can think of neutrinos or their decay products as possible candidates due to the fact that neutrinos now have mass. Sterile neutrino, which is a hypothetical new generation of neutrinos other than the three active species, can be produced non-thermally by active-sterile mixing and particle decays [23] . The role of sterile neutrinos in cosmology strongly depends on the magnitude of of their mass so that a sterile neutrino with mass in Kev could be a viable candidate of dark matter [8] . If this would be the case, this will be detectable in the extragalactic x-rays due to its radiative decay channel [11] . Constraints on the properties of a dark matter sterile neutrino (sterile neutrino mass and mixing parameter θ between active and sterile neutrinos)are given in [8] where Milky Way halo and halo of dwarf galaxies are the best objects for the search of dark matter with radiative decay channel. A new investigation for the possibility of detection of sterile neutrinos of mass 50 kev in dark matter searches is given by [28] which are confronted by two problems: the expected event amount of energy to be received by the detector and the expected event rate. Although sterile neutrinos are heavy, they cannot be detected by standard dark matter experiments. For these reasons electron neutrino scattering is considered by using systems with very small electron binding in order to have high event rate. In addition, considering the options of nuclear physics (the absorption of an antineutrino on electron capturing nuclear system) and atomic physics (possibility of spin induced excitations) can be useful in detecting sterile neutrino dark matter [28] . Therefore, since explaining dark matter on the basis of standard model is not likely, many searches with astrophysical and laboratory experiments are used to check the possibility of a sterile neutrino dark matter candidate [2] .
Axion as dark matter
Axions produced during the QCD phase transition could be possible candidate of cold dark matter (CDM) where its density is well determined by WMAP and Planck missions. These axions dark matter have average momentum of order of the Hubble expansion rate and they satisfy the CDM density if they would have a mass of order of 10 −5 ev/c 2 . With this mass range, axions interact weakly through all forces except gravity which make them one of the promising candidates for CDM [12] . An investigation for interaction of axion-like dark matter with gluons by searching for a time oscillating neutron is performed by [1] as well as the effect of axion-wind spin-precession in order to search for the interaction of axion-like dark matter with nucleons. However, this was not promising for placing limits on such interactions rather this have led to improve upon existing astrophysical limits on the axion-gluon coupling and existing laboratory limits on the axion-nucleon coupling. A question arise now: what is the effect of axion dark matter on BBN? An example of such effect was investigated by [12] where photon cooling through the gravitational field of cold axions after BBN had a significant effect on final element abundances especially on lithium. Photon cooling between the end of BBN and decoupling implies that the baryon to photon ratio η BBN during BBN is different from η W M AP which is the one measured by WMAP . More explicitly, the photon cooling implies the energy conservation [12] :
where ρ i,γ , ρ f,γ are the initial/final energy density of photons and ρ f,a is the final energy density of axions respectively (it is assumed that the energy density of the initial axions and baryons is negligible). It follows from Eq. ( 5.1) that after reaching the thermal equilibrium, the initial and final photon temperatures are related through: Since the number density of photons is proportional to T 3 , it is straightforward that:
This model is treated by [12] in order to see if it solves the lithium problem. Although this model suppresses the conflict between BBN predictions and observations of lithium, this have led to an overproduction of deuterium and an increase in N ef f that is not allowed by observational constraints (see Table 1 ).
Variation of neutrino temperature
During BBN and after the phase of electron-positron annihilation, the ratio of the neutrino temperature to the photon temperature is given by the standard relation [26] :
where T νd is the neutrino decoupling temperature and g s is the number of relativistic degrees of freedom contributing to the total entropy, or equivalently, the ratio of the total entropy to the entropy of photons. This determines the effective number of neutrinos given by:
These degrees of freedom contribute to the total entropy so that g s (T ) = 7 8 ×(g ν + g e ± )+g γ = 10.75 where g ν = 6, g e ± = 4 and g γ = 2 are the degrees of freedom of neutrinos, electronpositron and photon respectively. The presence of weakly interacting massive particles (WIMP's) will modify Eq. (6.1) and Eq. (6.2) above. When a WIMP couples to neutrinos or to photons, they speed up the expansion rate because they can alter the energy density of relativistic particles. Also, the annihilation of WIMP's can heat the photons or the standard neutrino temperature in addition to the heating from e ± annihilation. In other words, when WIMP's couple to neutrinos they share some of the entropy which causes the neutrino temperature to be different than that of the SBBN. Therefore, the neutrino temperature can receive different contributions either directly by WIMP interactions or by adding a dark component namely heating /cooling of photon relative to neutrino temperature which will be discussed in section 8. In the next section we represent the neutrino temperature variation by multiplicative factor α regardless of the source.
Effect of varying neutrino temperature and chemical potential on the lithium production
As noted in [15] , since the total neutrino energy density is proportional to N ν T 4 ν , a variation in the neutrino temperature can be translated into a variation in the effective number of neutrinos through:
where T νSM is the standard neutrino temperature, N ef f is the effective number of neutrinos derived from the Cosmic microwave Background (CMB) and N ν is the number of neutrinos from SBBN. In SBBN N ef f = N ν because T νSM = T ν in Eq. (7.1). However, if we deviate from SBBN, this leads to a difference between N ef f and N ν after neutrinos decoupling. It is clear from Eq. (7.1) that we can vary two parameters while the third one will depend upon the other two. For example, if the neutrino temperature is modified by a factor alpha T ν = αT νSM for a fixed N ν , then N ef f will depend on these two parameters. As obtained by [15] , N ν = 5 is ruled out for any change in T ν and for N ef f = 3.15 ± 0.23. In addition, no ranges for N ν and T ν are available that can reduce the lithium abundance significantly. However, the range of N ef f is model dependent, and if one relaxes the BBN constraint, one can allow for a broader range based upon the Planck constraint. In the present work, Tables  2 and 3 are obtained as follows:
The neutrino temperature is modified by a factor α where neutrino chemical potentials β νµ,τ,e are taken to be equal. Then the total neutrinos energy density is given by:
Using Eq. ( 7.2), Eq. ( 7.1) is modified as follows:
Eq. ( 7.3) includes the three standard neutrino species N ν0 with their chemical potentials while
ν is for extra relativistic species not contributing to the chemical potential with ∆N ν = N ν − N ν0 . Restricting ourselves to the predicted light element abundances by SBBN we obtain the following range of N ν , N ef f and β νµ,τ,e which reproduces the SBBN predictions: 4) where N ef f is compatible with that deduced by [29] and [17] . The inspection of Table 2 is to show that the abundances predicted by SBBN can be obtained by this non-standard assumption described above. In other words, despite of these variations of neutrino temperature and chemical potentials, the abundances predicted by SBBN are not affected. However, in order to obtain a substantial reduction of the lithium abundance, the ranges of Table 2 must be extended. This is achieved in Table 3 if the following ranges are adopted: Table 3 . Effect of varying neutrino number, chemical potential and temperature on lithium.
We can conclude the following: if we choose any N ν we can achieve a reduction of lithium by a combination of α and β νµ,τ,e . This illustrates the importance of these two parameters. We emphasize that the above results are compatible with all successful models that lead to a substantial decrease in lithium at the expense of increasing deuterium to the maximum value allowed by observations as stated in Eq. (2.1). Our variation of N ν as above tends to affect directly the expansion rate, while the effect of varying the neutrino temperature is more complicated:
1. This factor α will alter the energy density of neutrinos (see Eq. ( 7.2)) and consequently the expansion rate given by Friedmann equation.
2. Multiplying T ν by a factor α will modify the effective relativistic degrees of freedom but the effect on neutron mass fraction at the freeze-out is not significant. In other words, since variation of neutrino temperature is taken after neutrino decoupling (after the freeze-out of neutrons), neutron mass fraction at the freeze-out is not significantly affected. Meanwhile, this variation of neutrino temperature will affect deuterium bottleneck temperature/time and consequently final deuterium abundance. Helium is slightly affected due to its dependance also on the temperature when deuterium reaches its bottleneck. This is shown by some analytical calculations following the ones given by [24] (see [33] for detailed discussion). Those analytical expressions allow us to understand the dependance of light elements into three stages of BBN namely, the freeze-out of neutrons, deuterium bottleneck and when neutron concentration drops to that of deuterium.
This successful calculation to decrease lithium was obtained with the range of N ef f shown above, however, this is not supported by recent CMB observations as discussed in section 2. To achieve a reduction of lithium without violating CMB limits on N ef f , one possible way is to add the effect of photon cooling which we describe in the next section.
Effect of photon cooling
In this section, we add effect of photon cooling with axion to the previous variations done before for the aim to decrease lithium abundance without violating observational constraints on N ef f and other light elements. The baryon to photon ratio as determined by Planck [29] is given to be η = (6.11 ± 0.06) × 10 −10 , however, photon cooling through axions after BBN implies that η BBN = (4.51 ± 0.04) × 10 −10 (see Eq. ( 5.3)). Photon cooling with axions will also modify the effective degrees of freedom. The energy density of the universe can be written as:
On the other hand, the radiation density after BBN is given to be:
where the factor 3/2 is due to the photon cooling relative to neutrinos and 1/2 represents axion degree of freedom. In this case the relativistic degrees of freedom observed now is given to be
If we take such case which is treated by [12] , light elements abundances are given in Table 1 where the lithium decreases to match observations but this will increase deuterium and N ef f to values that are not supported by observations. In this paper, in addition to photon cooling, we vary neutrinos temperature in order to conserve the constraints on N ef f and deuterium. In addition, we vary chemical potential to obtain additional decrease in lithium without violating observational constraints on helium. Introducing photon cooling, varying neutrino temperature and chemical potential, we modify the radiation energy density given in Eq. ( 8.2) as follows:
Then Eq. ( 8.4) will lead to the new effective degrees of freedom,
It clear from Eq. ( 8.5) that multiplying neutrinos temperature with a factor α < 1 will decrease the relativistic degrees of freedom to match observations discussed in Section 3. In addition, it will decrease deuterium so that the overabundance observed in Table 1 can be reduced. Restricting the relativistic effective degrees of freedom 2 < N ef f < 5 we performed numerical simulations after updating the code given by Arbey A. [3] to obtain the ranges shown in Eq. ( 8.6) and Table 4 . It is seen from Table 4 that N ef f is now compatible with recent CMB data but still a bit higher than Planck one. In addition, the lithium decreases significantly at the expenses of increasing deuterium but to a value that is allowed by observations.
It is important to mention here that deuterium observations and predictions still matter of debate. So far, there are 15 measurements of the primordial deuterium values that show a large dispersion in the mean values and in the estimated errors [7] . Meanwhile, if we want to take the [34] or the standard value of D H obtained in this work. Measurements of nuclear cross sections for deuterium production and destruction are still under revisions in order to reduce errors coming from nuclear cross section and to remove the tension between predictions and observations. Therefore, taking the range of observations given in Eq. ( 2.1) is conceivable, first because it is early to talk about deuterium plateau due to the big dispersion in the observations. Second, deuterium is easily destroyed than 7 Li so that higher deuterium values may be more representative of its primordial one [27] and the dispersion in the observations is due to unknown stellar processes [12] .
The effect of a unified dark fluid
We have seen in section 8 that adding the axion dark matter was successful to decrease the 7 Li abundance with N ef f compatible with the recent CMB observations, but still higher than the one determined by Planck mission. In order to satisfy the requirements on N ef f we found a way by adopting the so called dark fluid along with non-standard neutrino properties. We know that dark matter may be modeled as a system of collision-less particles while dark energy may be described as a scalar field in the context of quintessence model [4] . However, in this section a unified fluid [5] is adopted to describe the dark energy and dark matter as two different aspects of the same component. To explore this scenario, a temperature-dependent dark energy density can be added to the radiation density as follows [4] :
where ρ rad = ρ γ + ρ e ± + ρ ν , T 0 =1.0 Mev = 1.16 × 10 10 K , k ρ is the ratio of effective dark fluid density over the total radiation density at T 0 and n ρ characterizes the adiabatic expansion of the fluid. In the case of n ρ = 4, the dark component mimics a radiation density. The case n ρ = 3 describes a matter density, while n ρ = 6 can describe a scalar field. With these assumptions the Friedmann equation during BBN should be modified as:
In analogy, the temperature-dependent dark entropy can be added as follows: Table 5 . Effect of unified dark fluid on lithium along with non-standard neutrino properties.
and g s (T ) is the effective number of degrees of freedom characterizing the contribution of relativistic particles to the entropy density. Then, the total entropy becomes:
It is important to emphasize that the dominant effects of adding dark component described above is to alter the expansion rate, the time-temperature relation, the neutrino-to-photon temperature, and consequently the light element abundances. It is clear from Eqs. ( 9.1, 9.3) that including this dark component, four parameters are introduced k ρ , n ρ , k s , n s . Knowing that the universe was radiation dominated during the time of BBN requires the constraints n ρ ≥ 4 and k ρ < 1.0 [6] . Then, for fixed values of k ρ , n ρ , k s , n s we will vary neutrino number, chemical potentials and temperature in order to decrease lithium without violating observational constraints on light elements and N ef f . Our calculations summarized in Table 5 shows the following: Fixing k ρ = 0.12, n ρ = 6, k s = 0.00045 and n s = 5, we are able to find for every chosen value of N ν a combination of α and β νe,µ,τ that reduces lithium and conserves the constraints on N ef f . Note that N ef f is still given by Eq. ( 7.3) because the dark component is effective during BBN due to the power law (see Eqs. ( 9.1, 9.3)) and have negligible contribution after BBN. Eq. ( 9.6) shows the ranges of N ν , α, and β νe,µ,τ that lead to a decrease of lithium and we see now with this treatment that N ef f is compatible with recent CMB data including Planck and WMAP ones. Finally, we can choose other values of dark component parameters so other ranges of α, β νe,µ,τ and N ef f can be derived, but for simplicity we have fixed dark component parameters in order to give a better understanding of the physical conditions under which the BBN has been operating and provide many possibilities to ameliorate the lithium problem.
Conclusion
In order to reduce the primordial 7 Li abundance by Standard Big Bang Nucleosynthesis (SBBN) without violating constraints on the abundances of light elements and on the effective number of relativistic degrees of freedom N ef f from CMB observations (see section 3), we firstly considered the effects of the variation of neutrino number, chemical potential and temperature. Secondly, it was necessary to add the effect of dark components. Our results may be summarized as follows:
• It was possible to reproduce SBBN predictions for a certain range of neutrino temperature, number and chemical potential (see section 7 and Table 2 ). This finding motivated a non-standard treatment that may lead to a reduction of the lithium abundance.
• Extending the range of variation of the above parameters was successful to reduce the lithium abundance, but with N ef f not compatible with recent analysis of the CMB. One way out was to add photon cooling as described in section 8, which led to a reduction of lithium abundance with N ef f compatible with recent CMB observations discussed in section 3. However, this range of N ef f is still in tension with the most precise one deduced by Planck mission.
• Taking into considerations a unified dark fluid along with non-standard neutrino properties has led to a decrease in lithium for ranges of N ef f that satisfies recent CMB observations including Planck and WMAP ones.
• As a final remark, we think that decreasing the primordial lithium abundance below the predictions of the SBBN is achieved only with a maximum deuterium abundance which is still justified by observations (see [7] ). However, it is worth investigating the possibility of reducing lithium abundance avoiding the increase of deuterium by including new particles or interactions [16] , [30] . The lithium problem is really challenging.
